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Policy statements providing health and environmental criteria for blood lead (PbB) often give
recommendations on an acceptable distribution of PbB concentrations Such statements may
recommend distributions of PbB concentrations including an upper range (e.g., maximum and/or
90th percentile values) and central tendency (e.g., mean and/or 50th percentile) of the PbB
distribution. Two major, and fundamentally dissimilar, methods to predict the distribution of PbB
are currently in use: statistical analyses of epidemiologic data, and application of biokinetic models
to environmental lead measurements to predict PbB. Although biokinetic models may include a
parameter to predict contribution of lead from bone (PbBone), contemporary data based on
chemical analyses of pediatric bone samples are rare. Dramatic decreases in environmental lead
exposures over the past 15 years make questionable use of earlier data on PbBone
concentrations to estimate a contribution of lead from bone; often used by physiologic modelers
to predict PbB. X-ray fluorescent techniques estimating PbBone typically have an instrument-
based quantitation limit that is too high for use with many young children. While these
quantitation limits have improved during the late 1990s, PbBone estimates using an
epidemiologic approach to describing these limits for general populations of children may
generate values lower than the instrument’s quantitation limit. Additional problems that occur if
predicting PbB from environmental lead by biokinetic modeling include a) uncertainty regarding
the fractional lead absorption by young children; b) questions of bioavailabilty of specific
environmental sources of lead; and ¢) variability in fractional absorption values over a range of
exposures. Additional sources of variability in lead exposures that affect predictions of PbB from
models include differences in the prevalence of such child behaviors as intensity of hand-to-
mouth activity and pica. In contrast with these sources of uncertainty and variability affecting
physiologic modeling of PbB distributions, epidemiologic data reporting PbB values obtained by
chemical analyses of blood samples avoid these problems but raise other issues about the
validity of the representation of the subsample for the overall population of concern. State and
local health department screening programs and/or medical evaluation of individual children
provide PbB data that contribute to databases describing the impact of environmental sources on
PbB. Overall, application of epidemiologic models involves fewer uncertainties and more readily
reflects variability in PbB than does current state-of-the-art biokinetic modeling. — Environ Health
Perspect 106(Suppl 6):1485-1493 (1998). http.//ehpnet].niehs.nih.gov/docs/1998/Suppl-6/
1485-1493mahaffey/abstract. html
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Background

The history of pediatric lead poisoning in
the United States is marked by a shift from
finding and treatment of individual cases of
lead poisoning (sometimes referred to as the

medical model) to primary prevention of
lead exposure. In 1971, the U.S. Surgeon
General issued a statement emphasizing the
need to shift the focus of intervention from
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identifying poisoned children to primary
prevention (/). Also in 1971, the U.S.
Congress passed the Lead-Based Paint
Poisoning Prevention Act (/) emphasizing
prevention of lead exposures to lead-based
paint in housing (2). Blood lead (PbB) con-
centrations have been used both as measure-
ments of lead exposure and as metrics of
health effects of lead. Nearly all risk assess-
ments and risk statements issued during and
after the 1960s have been structured around
PbB concentrations (2). Programs that pro-
mote primary prevention of lead toxicity
often predict the level of reduction in PbB
that will be achieved by reducing lead con-
centrations in environmental media such as
air, water, food, dust, paint.

Public health recommendations
describing targeted ranges of blood lead
levels for children have been issued by pro-
fessional and medical groups [e.g., American
Academy of Pediatrics (3)]; by the U.S. gov-
ernment [e.g., the U.S. Centers for Disease
Control (4,5)]; and by international organi-
zations [e.g., the World Health Organ-
ization (6)]. These policy statements and
criteria documents have recommended that
young children should maintain PbB con-
centrations less than 10 pg/dl whole blood.
Maximum acceptable concentrations rather
than estimates of central tendency (e.g.,
population means or medians) are the basis
for these recommendations. Variability in
data on children’s PbB levels is described by
the range, mean, and error estimates. The
magnitude of person-to-person variation is
determined by differences in the quantity
and lead concentration of ingested media,
and by host characteristics of the children
(e.g., age, intensity of hand-to-mouth activ-
ity, frequency of food intakes) that influence
the fraction of ingested lead that is
absorbed. Besides this variability in external
dosages, changes with time or among indi-
viduals in clearance rates of PbB by the kid-
neys also influence PbB levels. Variability in
the volumes of distribution would similarly
force changes in PbB concentrations.

The general risk assessment process used
by the U.S. Environmental Protection
Agency (U.S. EPA) relies on integration of
hazard analysis, exposure assessment, dose-
response analysis, and risk characterization
(7,8). For risk assessments of lead in which
women of childbearing age and young chil-
dren are the subpopulations of concern, cur-
rently hazard analysis and dose-response
characterization have less uncertainty and
variability than exposure analysis. Exposure
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assessment, as used in predicting PbB
concentrations from changes in lead in envi-
ronmental media, remains an area in which
diverse methods are applied.

Exposure estimates for lead sum intakes
from multiple sources (e.g., lead-based
paints, folk remedies, consumer products)
and through multiple pathways (e.g., inges-
tion of lead from dust, food, or water;
inhalation of lead aerosols). Following the
phaseout of lead from gasoline, ambient air
concentrations have declined dramatically so
that inhalation has become a small and typi-
cally nonsignificant exposure route except in
occupational exposures or situations in
which the residence is located near a point
source. The predominant exposure pathway
among children today in the United States
is through ingestion of lead. Since the mid-
1990s, dietary exposures from lead have
been typically less than 5 pg/day from foods
and beverages (9) as a result of removal of
lead from solder once used in food and bev-
erage cans, and reduced deposition of
atmospheric lead onto crops. Typically, the
major sources of ingested lead are from
paint, dust, and soil.

Dose for lead may be expressed as either
external (an environmental dose expressed as
micrograms per day or micrograms per kilo-
gram body weight per day) or an internal
dose (tissue concentration). In recent
decades, internal dose estimates use PbB
concentration as a biomarker of lead expo-
sure to indicate an internal dose (2). Most
of the biomedical and environmental litera-
ture on lead relies on analyses of blood sam-
ples from human subjects to evaluate
environmental lead exposure and to predict
health hazards. PbB concentration per se
may be substituted for direct measurement
of health hazards by medical or psychomet-
ric testing (2) and is a biomarker of effect.

An alternative approach to chemical or
physical analyses of PbB concentration is the
use of various models that predict PbB con-
centration from environmental lead mea-
surements (/0—12). PbB levels traditionally
have been assumed to reflect concurrent or
recent lead exposures (2). However, studies
among women and children indicate that
lead from tissue stores, largely from skeletal
tissues, can be the predominant source of
lead in blood among adult women of child-
bearing age even at PbB concentrations con-
siderably less than 10 pg/dl (13). Maternal
PbBone can be transferred to the fetus and
infant from maternal breast milk (14,15).
Under conditions of low environmental
exposure, a significant portion of PbB may
result from internal dosing rather than from
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contemporaneous environmental exposures.
For example, Gulson et al. (13) determined
that among adult women the skeleton
contributes 45 to 70% of the lead in the
blood. During pregnancy, PbB increases
approximately 20%; skeletal contribution
to this increase was on average 30% (14).
Individual differences around the mean
were substantial (mean of 30%, range
9-65% increase). Under conditions with
relatively elevated past exposures, the
fractional contribution of the skeleton to
current PbB could be even greater.

Exposure Estimates

Predicting lead exposure from environment
sources requires knowing the lead concen-
trations in media (e.g., food, water, soil,
dust, paint, etc.) that are the sources of lead.
Both statistical analyses of epidemiologic
data and physiologically based models face a
number of difficulties in making these esti-
mates. One problem for both statistical
analyses of empirical data and for the physio-
logically based models is the so-called errors
in the variables (16) describing the statistical
assumption that the independent variable is
measured without error. In this context,
errors in the variables refers to whether the
lead concentrations in the media actually
consumed by the individual are the same as
the lead concentrations used to represent the
media in the statistical or modeled analyses.
The lead concentrations assumed for the
environmental media may differ from those
in the media actually consumed by the sub-
jects. To an extent, these differences reflect
sampling variability and homogeneity, as
well as analytical errors in determining the
concentrations of lead in the media. Typical
solutions used to deal with errors in the vari-
ables problems include composite sampling,
increasing the size of the exposure area,
increasing the number and location of sam-
ples collected, and increasing the depth and
intensity of sampling.

Dose Response to Lead

Hazard analyses for lead based on neuro-
toxicity as the health end point of concern
has been well described and documented
(2-5). Estimating dose response involves
linking exposures to PbB levels. Table 1
shows questions that arise in the risk assess-
ment process when there is an attempt to link
environmental exposures with PbB levels.

Predicting the Mean and Distribution
of PbB Concentrations

Prediction Based on Epidemiologic Data.
In the epidemiologic approach, PbB

concentrations are determined by chemical
analyses of blood samples collected from a
group of individuals described in the study.
In most epidemiologic and clinical studies,
lead in the whole blood of exposed popula-
tions remains the biologic marker of choice
(2—4). Chemical measurements of total PbB
include lead transferred to blood from the
contemporaneous environment and from
long-term tissues stores of lead, typically the
skeleton. Although physical measurements
of the stable isotopes of lead using thermal
ionization mass spectrometry have been
used successfully under selected circum-
stances to identify multiple sources of lead,
chemical analyses of bulk or total lead
cannot distinguish sources (i.e., skeletal vs
environmental sources).

To interpret and generalize findings
from epidemiologic studies, risk assessors
ask such fundamental questions as
¢ Is the population representative of the

group of concern?

* Does the study have the power to iden-
tify differences?

* Are the subjects appropriately selected?
Prediction with Physiologically Based

Models. Risk assessors have also used
physiologically based models to predict the
likelihood of health effects of lead from
environmental lead concentrations. These
are population-based predictions and are
not considered applicable to individuals.
The modeling procedures aim to predict the
central tendency and distribution of PbB
concentrations using models that rely on
data describing lead concentrations in envi-
ronmental media. Fundamental questions
include some of the same ones faced by epi-
demiologic studies (e.g., is the population
studied representative of the group of con-
cern), and there are a number of additional
concerns (Table 1). For example:

*  Are the estimates of the quantity of lead
ingested from multiple media accurate?

¢ Are there errors in the variables prob-
lems associated with these estimates?

¢ I the fraction of lead absorbed from the
gastrointestinal tract accurately known?

* Are the parameters used to predict the
biokinetics of the absorbed lead as it is
distributed into the blood volume and
tissues known with accuracy?
Mathematic coefficients are used to

represent physiologically complex events

including absorption of lead as it enters the
plasma and its removal to various body
compartments such as erythrocytes, soft tis-
sue, and mineralizing tissues (2,17,18). If
exposure is constant, a steady state event-
ually occurs. Under steady-state conditions
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Table 1. Risk assessment questions on lead from dust and soil.

Hazard analysis

Exposure assessment

Dose response

Risk characterization

Relationship between PbB
and pediatric neurotoxicity
is well described.

soil?

Predominant questions are
related to linearity of effects at
PbB concentrations < 10 pg/dI.

What is the contribution of
environmental lead that is from
lead sources other than dust and

Is there a linear relationship
between PbB levels and
various exposure levels?

Which groups of children
are the susceptible
subpopulations (e.g.,
young children, persons
with marginal nutritional
status, children with
intense hand-to-mouth

activity)?
What are the lead levels in paint, Are there differences in What are the sources of
soils, and dust? dose-response curves for variability?
specific subpopulations of
children?
Do chemical speciation and What determines biokinetics What are the sources of
particle size of lead sources of lead within various tissue uncertainty?

influence exposure?

Avre the samples representative of
typical exposures?

compartments (e.g.,

mobilization from various

skeletal stores)?

What are PbB

distributions (e.g., mean

and 90th percentiles)?

How important are errors in the
variables considerations??

What quantities of the lead
source are consumed?

3Errors in the variables refers to the statistical assumption that the independent variable is measured without error. This issue applied to lead in dust and soil refers to
whether a soil or dust sample used in the analysis was representative of soil or dust ingested by a child or group of children. Approaches to dealing with errors in the vari-
ables include composite sampling, increasing the size of the number and locations of samples, differences in the depth, and intensity of sampling.

(i.e., stable exposure), plasma lead and
erythrocyte lead are in equilibrium. Lead
is removed from whole blood, under
steady-state conditions, with a half-life
that depends on such factors as total body
lead burden, age, magnitude of external
exposure, and the method of measuring a
half-life (2).

Not only is lead removed from blood to
other tissues, but lead re-enters the blood
from tissues, particularly bone. In 1985
Manton estimated that 70% of lead in the
blood was derived from bone based on
studies in a single adult female subject (19).
More recent estimates have provided quan-
titative estimates for additional individuals.
Smith et al. (20) analyzed stable lead iso-
topes and showed that 11 of 20 subjects had
an average of 61% of the lead in their blood
derived from bone stores. The remaining 9
of the 20 subjects had lead sources that did
not fit a simple two-compartment (exoge-
nous or environmental vs endogenous or tis-
sue derived) model for lead. To date, the
most extensive studies of the contribution of
tissue lead to blood lead has been among
adult women who are Eastern European
immigrants living in Australia. Because of
differences in the ratios of stable lead iso-
topes between Eastern Europe and
Australia, estimates of lead mobilized from
body stores into blood have been obtained.
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Among nonpregnant adult women in their
late 20s and early 30s, 45 to 75% of lead in
blood came from long-term tissue stores
(13). These women were part of a longitu-
dinal study and a number of them were
subsequently evaluated when pregnant.
During pregnancy, PbB increased over
prepregnancy values by 25% to approxi-
mately 100% (twice the prepregnancy
value); with lactation, these higher bone
contributions were maintained for at least
G-months postpartum (15,21).

Because such a high percentage of PbB
comes from bone, physiologically based
models that attempt to predict PbB concen-
trations from contemporaneous environ-
mental lead data must be able to incorporate
the contributions of lead from bone to
obtain accurate predications. Some of the
physiologically based models do provide for
a contribution of tissue lead from bone
(11). Under conditions in which the indi-
vidual’s body burden of lead is higher than
that typical of the current environment, the
predicted PbB concentrations could be
dominated by PbBone stores. For example,
Berlin et al. (22) found that rapid mobiliza-
tion of skeletal lead secondary to skeletal
disease in a previously nonsymptomatic
adult male worker produced neurologically
overt lead poisoning. Under conditions
with low current lead exposure, skeletal lead

can dominate environmental lead as the
predominant source of lead to blood. The
data from the immigrant studies in Australia
indicate 45 to 75% of lead in blood came
from tissue (probably skeletal) sources (13).
Longitudinal monitoring of infants born to
these mothers documented that maternal
lead incorporated into the infant’s skeleton
is remobilized to the infant’s PbB. When
environmental lead exposures are high rela-
tive to past exposures, PbBone concentra-
tions would be less important in predicting
PbB levels.

Predicting the quantities of lead
mobilized from bone requires data on
PbBone concentrations for both cortical and
trabecular bone. Datasets providing PbBone
concentrations among adults and children
date from the mid-1980s (23-25) or earlier
(26-28) when lead exposures were much
higher than in the 1990s. These lower lead
exposures resulted in lower PbBone concen-
trations. Consequently, the applicability of
the earlier estimates of PbBone to current
predictions of PbB using physiologically
based models is problematic given the sub-
stantial decline in lead exposures over the
past 15 years. For example, Drasch et al.
(23,24,29,30) reported PbBone concentra-
tions from cases coming to autopsy in
Munich between the early 1970s and 1994.
These comparisons are for subjects living in



the same geographic vicinity in Southern
Germany. Between 1974 (29) and 1994
(30) trabecular PbBone decreased from 2.5
mg/kg (1974) to 1.7 mglkg (1984) to 0.7
mg/kg (1994). Compact bone decreased
from 5.5 mg/kg (1984) to 2.8 mglkg
(1994) (30). These series are for adults. The
changes in PbBone can be anticipated to be
even more dramatic among young children
who, unlike adults, do not have the long-
term stores of lead accumulated during
decades of much higher lead exposures.
Young children’s PbBone can be expected
to be particularly low, reflecting the greatly
reduced environmental lead exposures in
recent decades. Unfortunately, contempo-
rary PbBone data based on chemical analy-
ses have not been published for other
geographic locations. Estimates have been
made using X-ray fluorescence techniques
(2,31); however, these methods have quan-
titation limits that are higher than needed
for many young children and for individual
determinations (32).

Data for children on the fraction of
blood lead derived from tissue lead are
virtually nonexistent. Lead models have
relied on generalization from the calcium
biokinetic literature (/7). Additional
studies of tissue lead mobilization by
young children would provide valuable
information to verify these assumptions.
Short-term experiments at very low expo-
sures to lead could provide such basic data
on lead kinetics as pool size, clearance rates,
and fractional absorption of lead from the
gut. Models based on generations that had
more severely elevated PbBone may not
directly apply to those that had far lower
body burdens of lead.

Bioavailability of Lead from
Environmental Media

Epidemiologic Data. Because PbB itself is
measured, there is no need to estimate the
bioavailability of lead in environmental
media to predict PbB.

Data Based on Physiologically Based
Models. These models apply a series of
coefficients to estimate fractional absorp-
tion of lead to the quantity of lead ingested
from various environmental sources of lead
(e.g., food, water, soil, dust, paint chips).
Although models such as the IEUBK
model specify a default value (e.g., 60%),
experimental data indicate both higher and
lower bioavailability from comparable sam-
ples. For example, immature swine fed two
fully characterized soil samples from a
Western Superfund site had bioavailability
values ranging from 56 to 86% depending
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on the organ system used to express dose
(e.g., PbB, liver lead, kidney lead, etc.)
(33) These variable estimates of bioavail-
ability argue for measuring site-specific
bioavailability (33).

Another approach uses one coefficient to
approximate bioavailabilty for all ingested
sources. Uptake rates for adults are fairly
well validated using long-term mass balance
studies (34-38), radioactive tracers (17,39),
and stable isotope tracers (40,41). Data on
adult female subjects are sparse. Only James
et al. (39), whose subjects (26-77 years of
age) included females (12 women, 11 men),
reported lead absorptions from foods and
beverages. Unfortunately, the report pro-
vided no discussion of whether the retention
of radiolabeled lead differed between male
and female subjects.

Uptake rates for children are much less
well established than those for adults.
Children's coefficients are based essentially
on two mass balance studies with small
numbers of children. Alexander et al. (42)
conducted balance studies in eight subjects
ranging in age from 3 months to 8 years,
with lead intakes averaging 10.6 pg lead/kg
bw/day. Absorption averaged 53% of intake
and retention averaged 18% of intake.
Ziegler et al. (43) investigated lead absorp-
tion by 12 infants ranging in age from 14 to
746 days whose lead intakes were greater
than 5 pg lead/kg bw/day. These two
studies (42,43) are from the 1970s when
mean PbB levels were many times higher
than current levels. Consequently, these
fractional absorption estimates may not be
directly applicable to current estimates of
kinetics. In the absence of more appropriate
dara, these two datasets have been used to
estimate lead absorption by young children
in the age range from birth through 7 years.
Physiologically based models for children
have as an underlying assumption that
absorption of ingested lead is in the range of
40 to 50%, based on the fractional absorp-
tion rates from the studies of infants and
children less than 2 years of age. This may
be an inappropriate assumption.

Based on analyses of stable lead isotope
profiles of a group of nine children who
were immigrants from Eastern Europe
living in Australia, Gulson et al. (14)
observed that the fractional absorption of
ingested lead by children in the 6- to 11-
year age range are comparable with the
absorption patterns observed among adult
females in the 29- to 37-year age range.
Whether the 40 to 50% absorption values
for ingested lead obtained using subjects
who were typically less than 2 years of age

applies to children in the 2- to 6-year age
range remains a question. Lower absorption
values for 2- to G-year-old children are
supported by the data of Angle et al. (44),
who suggested that absorption of ingested
lead among 2- to 3-year-old children was
10 to 15%.

Risk Characterization

PbB concentrations are the metric used to
integrate exposure estimates and predict the
likelihood of health hazards associated with
lead exposure. The usefulness of PbB con-
centrations is broadly accepted; however, a
close look at the available information
empbhasizes the importance of understand-
ing how host variables influence the rela-
tion between lead in blood and lead in
environmental media.

Uncertainty and Variability in
Susceptible Subpopulations

Host Factors Affecting the Relation
between Environmental Lead and Blood
Lead. Linking estimates of environmental
lead exposures to development of adverse
health effects of lead is complex because lead
toxicity can result from acute or chronic
exposures that reflect years of accumulated
excess lead exposures. Both the young
child's in utero and early postnatal lead
exposures have been found to be predictive
of neurodevelopmental status based on epi-
demiologic data using blood lead patterns as
the metric of critical lead concentrations in
the nervous system. Knowing the age of the
child at which the greatest biologic suscepti-
bility to adverse effects occurs helps in
selecting when environmental monitoring is
most important.

Using results from environmental
sampling to predict PbB has a number of
difficulties. Two factors that influence the
relation between environmental lead levels
and PbB concentrations are «) differences
in the frequency and intensity of hand-to-
mouth activity and pica, which greatly
affect lead exposures, and #) differences in
nutritional status, which can greatly change
the fraction of environmental lead that is
absorbed from the gastrointestinal tract.
These factors affect both statistical analyses
of epidemiologic data and predictions from
physiologically based models, although in
different ways.

Differences in Occurrence of Hand-
to-Mouth Activity. Children at different
ages have marked differences in their
partterns of hand-to-mouth activity, with
the highest prevalence occurring among

children less than 3 years of age (45,46).

Environmental Health Perspectives = Vol 106, Supplement 6 = December 1998



PREDICTING BLOOD LEAD CONCENTRATIONS FROM LEAD IN ENVIRONMENTAL MEDIA

Greater intensity of hand-to-mouth activity
correlates with higher PbB levels (46-50),
particularly when household dust is lead
contaminated. For example, the increased
leaded dust found during renovations of
housing has been associated with increased
PbB concentrations among children
(51-53).

Epidemiologic studies can readily
identify such variation in environmental
lead exposures because blood samples are
chemically analyzed. Differences in lead
exposures (e.g., from pica or hand-to-
mouth activity during household renova-
tion) changes in fractional absorption from
the gastrointestinal tract (e.g., increases dur-
ing periods of hunger), and major mobiliza-
tion of internal sources (e.g., elevated
PbBone from eatlier exposures) produce
higher PbB values than would be predicted
from knowing only lead concentrations in
environmental media. Physiologically based
models can predict this variability only if
these sources of variation were recognized,
their prevalence can be expressed with cer-
tainty, and these were successfully built into
the models.

Influence of Nutritional Status on
Bioavailabilty of Ingested Lead. Data
from national epidemiologic surveys such as
the National Health and Nutrition
Examination Surveys (NHANES) were con-
ducted in the United States during the
1970s through 1990s (54-56). Data from
these studies demonstrate that young chil-
dren from socially disadvantaged, low-
income, minority families are more likely to
have a greater prevalence of elevated PbB
levels and of marginal nutritional status
(57,58). For example, data from Phase 2 of
NHANES III showed that 4.5% of all 1- to
2-year-old children had PbB levels 210
pg/dl (55). Among non-Hispanic black
children, the prevalence of PbB levels 210
pg/dl was 11%. Low-income black children
living in pre-1946 housing had a prevalence
rate of 22% compared to 9% of all children
living in such housing,

Marginal intakes of nutrients such as
iron and calcium and irregular eating
patterns are more common among non-
white, low-income, minority populations
[for an analysis, see Mahaffey (59)].
Marginally adequate calcium intakes have
been identified more commonly among
nonwhite children with higher PbB levels
(58) and recently identified as a risk factor
for elevated PbB levels among pregnant
women in Mexico City (60). Metabolic bal-
ance studies between infants and children
less than 2 years of age (43) have shown
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that when dietary calcium is lower, lead
absorption increases. Less than optimal iron
intakes are associated with increases in lead
absorption [for a review of data describing
this interaction, see Mahaffey (59)]. Median
iron intakes from food were below recom-
mended levels for young children 1 to 2
years of age, and for adolescent and adult
females based on nationally representative
surveys conducted in the United States in
the late 1980s and early 1990s (57). Recent
reports for specific subpopulations at ele-
vated risk of lead toxicity show a negative
statistically significant association between
blood lead concentrations and dietary iron
intake among urban children 9 months to 5
years of age (61). Iron therapy to treat overt
iron deficiency was associated with a decease
in mean blood lead concentrations from a
mean of 14.1 to 7.5 pg/dl among Spanish
children (62).

Patterns of food intake are also important
determinants of the proportion of ingested
lead that is absorbed. Metabolic studies
among adults show that when lead is
ingested during fasting, the fractional
absorption increases from the range of 5 to
20% to approximately 60 to 80% (36,
38,39,41). Periods of food shortage occur
among low-income families and their chil-
dren, as documented by national dietary
surveys in the United States (57). About 9
to 13% of people living in low-income
households experience some degree of food
insufficiency (57). This insufficiency was
highest among groups of greatest concern
for elevated PbB levels; specifically in the
1988 to 1991 survey period, Mexican
Americans and non-Hispanic blacks were
more likely than non-Hispanic whites to
report that they sometimes or often did not
have enough food to eat (57).

Generalization of Modeled Data

Because recommendations on acceptable
PbB levels usually refer to maximal accept-
able values (e.g., 10 pg/dl), it is important
to predict the distribution of PbB, particu-
larly at the higher percentiles of the distri-
bution. To successfully predict this upper
range, it is essential that the likelihood of
events that can increase lead exposure/
absorption (e.g., pica, household renova-
tion, periods of hunger) is documented
and that those building a model find a way
of incorporating these recognized sources
of variability.

Generalization from Epidemiologic
Data. To generalize from one subpopula-
tion to another, comparability of groups
is a consideration. Differences such as

nutritional status and prevalence of intense
hand-to-mouth activity may help explain
some of the person-to-person differences
encountered in epidemiologic data. Host
factors as well as differences in environ-
mental lead exposure contribute to the
overall variability acknowledged in epi-
demiologic data. A pooled analysis of 12
epidemiologic studies estimating the con-
tribution of various environmental lead
sources to PbB (over the range of 10-25
pg/dl) has determined that the major
source of lead exposure for children was
house dust (63). The pooled analysis also
demonstrated that the child’s age within
the age range of 6 through 36 months,
race, mouthing behavior, and study-site-
specific factors influenced the predicted
PbB concentrations for a given level of
environmental lead exposure.

Generalization from Physiologically
Based Models. Because the percent frac-
tional absorption can be changed in mod-
els, there is the possibility of adjusting
models to reflect differences in lead expo-
sure and absorption. The difficulty is that
there is no basis to choose which absorp-
tion coefficients should be assumed if the
PbB distribution is not already known.
Unless some data are on the distribution of
PbB concentrations, there is no way to be
certain whether the physiologically based
model predictions are accurate, particularly
at the extremes of the distribution (e.g.,
less than the 10th and greater than the
90th percentiles).

The difficulties are encountered if efforts
to generalize the results from a particular
model also include differences between PbB
concentrations predicted following episodic,
short-term, and chronic exposures. LaKind
(64) explored results from three physiologi-
cally based models for children and adults.
The three models evaluated produced
highly divergent predicted PbB concentra-
tions when environmental lead exposures
were episodic. Because no measured PbB
concentrations were available for compari-
son, it is uncertain how well these models
predicted PbB concentrations over varying
time intervals.

Conclusions and

Research Needs

Epidemiologic data and physiologically
based models both have limitations when
used to predict PbB concentrations.
Additional data on variability and uncer-
tainty in environmental sampling (e.g.,
errors in the variables issues) are needed to
strengthen both empirical analyses and



Table 2. Risk assessment and lead exposure.
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Element of risk assessment

Epidemiologic approach

Physiologically based model approach

Hazard assessment

Exposure analysis

Dose response

Risk characterization

Association between PbB

and the likelihood of adverse
health effects established.

PbB is used as a metric for
likelihood of adverse health effects.

Are the lead concentrations used to
assess exposure appropriately
representative of those actually
consumed by the subjects?

Can the dose—response curve from
the study be generalized to the subgroup
of interest for the risk assessment?

Uncertainty in the extent to which lead
concentrations established by direct analyses
of blood reflect person-to-person variability
in blood lead.

Association between PbB and

the likelihood of adverse health

health effects. PbB is used as a metric
for likelihood of adverse health effects.

Are the lead concentrations used
to assess exposures appropriately
representative of those actually
consumed by the subjects?

Does the model include all appropriate
exposure media and pathways?

Does the model assume the appropriate
quantity of media consumed?

Is the intensity of hand-to-mouth
activity among children appropriately
described?

Does the model include uncommon
exposures such as occur following
house remodeling or pica when
appropriate?

Is the coefficient used to calculate
fractional absorption of ingested
lead appropriate?

Avre the different absorption coefficients
used to estimate absorption by children
of varying ages and nutritional status?

Do the same absorption coefficients
apply across a wide range of total
daily exposures?

Are appropriate PbBone data available
to estimate the contribution of internal
body stores to PbB?

Is there a basis to adjust biokinetic
coefficients used in the model to
appropriately reflect differences
depending on nutritional status,
age, and genetic variability of the
subjects?

Is there a basis to adjust coefficients
to reflect differences in previous body
burden of lead?

Person-to-person variability in
media consumed by the subjects is
not identifiable.

Uncertainty in the extent to which lead
concentrations used in the exposure
estimates reflect lead concentrations is not
identifiable in the media actually consumed
by the subjects.

Uncertainty in coefficients used to calculate
PbB concentrations at different age

groups (especially among children 2 to 6
years of age).

Uncertainty as to the applicability of model
coefficients to particular subpopulations.

Variability in the distribution is not
established.

Generalizability of default coefficients is
not determined.

Applicability of selected coefficients cannot
be established a priori unless the distribution
of observed PbB concentrations is known.

Continued
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Table 2. (Continued).

Element of risk assessment

Epidemiologic approach

Physiologically based model approach

Overall assessment

Errors in the variables questions regarding
population assessed in the epidemiology study
to the specific subpopulation(s) evaluated in
the risk assessment is an issue.

Issues of generalizability from the population
assessed in the epidemiology study to the
specific subpopulation(s) evaluated in the
risk assessment.

Uncertainty that the quantity of media
ingested is appropriate for the subject(s).

Uncertainty that all exposure media and
pathways have been included.

Calculations of PbB are dependent on
selection of coefficients. Uncertainty that the
particular coefficients selected will produce
an appropriate distribution of PbB
concentrations.

Variability in the predicted distribution is
not established.

modeled predictions of the distribution of
PbB levels. The ability to use practical mea-
sures of lead exposure (e.g., dust loading vs
dust lead concentrations) is another element
to consider in the usefulness of approaches.
Physiological models currently do not
permit input of certain environmental para-
meters considered to be of practical impor-
tance, such as dust-lead loading. Table 2
provides a summary of sources of uncer-
tainty and variability in the two approaches.
Epidemiologic data typically include
chemical analyses of blood samples for
lead so that prediction of PbB levels from
physiologically based models is not neces-
sary. Using epidemiologic data from previ-
ous studies to predict PbB levels in a
different environment requires careful
consideration of a number of issues by
experts in multiple disciplines (statistics,
epidemiology, analytical measurements,
biology). These problems have been
addressed in a pooled analysis of 12 epi-
demiologic investigations of the relation
between environmental and PbB among
6- to 36-month-old children living in the
United States (63). This report provides
broad-based data from geographically
diverse areas of the United States.
Physiologically based models have been
used to predict PbB concentrations (esti-
mates of central tendency and distribu-
tions) from environmental lead data. To
provide for the contribution of long-term
tissue stores of lead to PbB for children,
additional data on PbBone concentrations
among contemporary children are neces-
sary and do not appear to be available in
the published literature. The PbBone data
currently used by modelers were obtained
prior to the substantial decline in lead
exposure that has taken place in the 1980s
and 1990s. Another source of uncertainty

Environmental Health Perspectives = Vol 106, Supplement 6 = December 1998

Table 3. Issues and research needed to resolve areas of uncertainty and variability.

Issue

Research needs

Statistical analyses of epidemiologic data
Generalizability across multiple subpopulations

Physiologically based biokinetic models

Can the results be generalized across multiple
subpopulations?

What are the appropriate absorption coefficients
for children in the 2- to 6-year-old age range?

What is the contribution of tissue lead stores to PbB?

How do child-dependent variables, including the intensity

of hand-to-mouth activity, affect PbB levels?

To analyze existing data that address issues of
variability between studies

Human studies to determine the fractional
absorption of lead by children

Autopsy studies to determine PbBone
concentrations

May not be resolvable by activity, pica, patterns
of food consumption, and marginal nutritional
status

in these models is the data on the fractional
absorption of ingested lead by 2- to 6-year-
old children. It is unknown whether chil-
dren in this age range absorb lead at the 40
to 50% rate observed for infants or the 5 to
15% range typical of older children and
adults. However, at least two reports
(14,44) suggest children older than 2 years
have lower fractional absorption rates than
the 40 to 50% used in most physiologically
based biokinetic models.

Child-based factors (including marginal
nutritional status and intensity of hand-to-
mouth activity) can increase variability in
PbB levels, particularly when environmen-
tal lead exposures are higher. A solid
advantage of measured PbB concentrations
is that the observed distribution will reflect
such differences. Currently it does not
appear that adequate data exist to predict
in a quantitative way the likelihood of
multiple child-based variables that increase
risk of ingesting lead occur simultane-
ously. Comparisons provided by Lanphear
et al. (63) and LaKind (64) demonstrated

that risk factors do not occur indepen-
dently within the overall population of
children, which adds to the complexity of
modeling efforts.

In summary, limitations exist for both
approaches that may be resolved through
additional research (Table 3). In view of
such considerations, the relative strengths
and weaknesses of either approach should
be considered in their application to risk
assessments. Ideally both approaches, if
sufficiently developed, should converge on
the same pattern.

REFERENCES AND NOTES

1. United States Congress Public Law 91-
695. 91st Congress. H.R. 19172,
January 13, 1971. Lead-Based Paint
Poisoning Prevention Act. Washington:
U.S. Government Printing Office,
1971; 3 pp.

2. National Research Council. Committee
on Measuring Lead in Critical

1491



10.

11.

12.

13.

14.

15.

16.
17.

18.

19.
20.

21.

22.

23.

24.

25.

1492

K.R. MAHAFFEY

Populations. Measuring Lead Exposure in Infants, Children,
and Other Sensitive Populations. Washington: National
Academy Press, 1993. (Available from: NTIS, Springfield, VA,
PB94-122256.)
American Academy of Pediatrics, 1990.
CDC. Increased Lead Absorption and Lead Poisoning in
Young Children. Atlanta:Centers for Disease Control, 1975.
CDC. Preventing Lead Poisoning in Young Children: A
Statement by the Centers for Disease Control - October 1991.
Atlanta:Centers for Disease Control, 1991.
WHO. International Program for Chemical Safety.
Environmental Criteria Document: Lead. Geneva:Worrd
Health Organization, 1995.
National Research Council. Risk Assessment in the Federal
Government: Managing the Process. Washington:National
Academy Press, 1983.
National Research Council. Science and Judgment in Risk
Assessment. Washington:National Academy Press, 1994.
Bolger PK, Yess NJ, Gunderson EL, Troxell TC, Carrington
CD. Identification and reduction of sources of dietary lead in
the United States. Food Addit Contam 13:53-60 (1996).
U.S. EPA. Guidance Manual for Site-Specific Uses of the
USEPA Lead Model. Washington:U.S. Environmental
Protection Agency, 1991.
O'Flaherty EJ. Physiologically based models for bone-seekin,
elements. IV: Kinetics of lead disposition in humans. Toxico!
Appl Pharmacol 8:16-29 (1993).
Leggett RW. An age-specific kinetic model of lead metabolism
in humans. Environ Health Perspect 101:598-616 (1993).
Gulson BL, Mahaffey KR, Mizon K], Korsch M], Cameron
MA, Vimpani G. Contribution of tissue lead to blood lead in
adult female subjects based on stable lead isotope methods.
J Lab Clin Med 125:703-712 (1995).
Gulson BL, Mahaffey KR, Jameson CW, Vicos M, Law A],
Nfizon KJ, Smith AJM, Korsch M]J. Dietary lead intakes for
mother-child pairs and relevance to pharmacokinetic models.
Environ Healtﬁ Perspect 105(12):1334-1342 (1997).
Gulson BL, Jameson CW, Mahaffey KR, Mizon K]J, Korsch
M]J, Vimpani G. Pregnancy increases mobilization of lead from
maternal skeleton. ] Lab Clin Med 130:51-62 (1997).
Draper NR, Smith H. Applied Regression Analysis. 2nd Ed.
New York:John Wiley & Sons, 1981.
Chamberlain AC, Heard M]J, Little P, Newton D, Wells AC,
Wiffin RD. Investigations into Lead from Motor Vehicles. Rpt
no AERE-R9198. Harwell, UK:United Kingdom Atomic
Energy Authority, 1978.
DeSilva PE. Determination of lead in plasma and studies on its
relatio)nship to lead in erythrocytes. Br ] Ind Med 38:209-217
(1981).
Manton WI. Total contribution of airborne lead to blood lead.
Br J Ind Med 42:168-172 (1985).
Smith DR, Osterloh JD, Flegal AR. Use of endogenous, stable
lead isotopes to determine release of lead from the skeleton.
Environ Health Perspect 104:60—66 (1996).
Gulson BL, Jameson CW, Mahaffey KR, Mizon K], Korsch
M], Cameron MA, Eisman JA. Relationships of lead in breast
milk to lead in blood, urine and diet of the infant and mother.
Environ Health Perspect 106:667-674 (1998).
Berlin K, Gerhaardsson L, Borjesson J, Lindh E, Lundstrom N,
Schutz A, Skerfving S, Edling C. Lead intoxication caused by
?keletz;l disease. Scand ] Work Environ Health 2194:296-300
1995).
Drasch GA, Bohm J, Baur C. Lead in human bones.
Investigations on an occupationally non-exposed population in
southern Bavaria (FRG). 1: Adults. Sci El"otal Environ 64:
303-315 (1987).
Drasch GA, Ott J. Lead in human bones: investigations on an
occupationally non-exposed population in southern Bavaria
(FR(S’). II: ‘Children. Sci Total Environ 68:61-69 (1988).
Wittmers LE, Aufderheide AC, Wallgren J, Rapp G, Alich A.
Lead in bone. IV: Distribution of lead in the human skeleton.
Arch Environ Health 43:381-391 (1988).

26.
27.
28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Barry PSI. A comparison of concentrations of lead in human
tissues. Br J Ind Med 32:119-139 (1975).

Barry PSI. Concentrations of lead in the tissues of adults. Br J
Ind Med 32:119-139 (1975).

Barry PSI. Concentrations of lead in the tissues of children. Br
J Ind Med 38:61-71 (1981).

Drasch G. Untersuchungen zum Bleigehalt menschiecher
Knochen. Arbeitmed Sozialmed Praventimed 14:32-34 (1974).
Drasch G . Are blood, urine, hair and muscle valid biomonitor
for the internal burden of men with heavy metals mercury,
lead, and cadmium? Trace Elem Electro 14:116-123 (1997).
Hu H. Bone lead as a new biologic marker of lead dose: recent
findings and implications for public health. Environ Health
Perspect 106 Suppl 4):961-967 (1998).

Rosen JF, Pouncﬁ JG. “Severe chronic lead insult that main-
tains body burdens of lead related to those in the skeleton”:
Observations by Dr. Clair Patterson conclusively demon-
strated. Environ Res 78:140-151 (1998).

Casteel SW, Cowart RP, Weiss CP, Henningsen GM,
Huffman E, Brattin WJ, Guzman RE, Starost MF, Payne JT,
Stockham SL, Beeker SW, Drexler JW, Turk JR. Bioavailabilty
of lead to juvenile swine dosed with soil from the smuggler
Mountain NPL Site of Aspen, Colorado. Fundam Appl
Toxicol 36(2):177-187 (1997).

Kehoe RA. The metabolism of lead in man in health and dis-
ease. I: The normal metabolism of lead. R Inst Public Health
Hyg J 24:81-97 (1961).

Kehoe RA. The metabolism of lead in man in health and dis-
ease: the metabolism of lead under abnormal conditions. R Inst
Public Health Hyg J 24:129-143 (1961).

Heard M], Chamierlain AC. Effects of minerals and food on
uptake of lead from the gastrointestinal tract in humans.
Human Toxicol 1:411-415 (1982).

Heard M]J, Chamberlain AC. Uptake of Pb by human skeleton
and comparative metabolism of Pb and alkaline earth elements.
Health Phys 47:851-865 (1984).

Heard MJ, Chamberlain AC, Sherlock JC. Uptake of lead by
humans and effects of minerals and food. Sci Total Environ 30:
245-254 (1983).

James M, Hilburn ME, Blair JA. Effects of meals and meal
times on uptake of lead from the gastrointestinal tract in
humans. Hum Toxicol 4:401-407 (1985).

Rabinowitz NM, Wetherill GW, Kopple JD. Kinetic analysis
of lead metabolism in healthy humans. J Clin Invest 58:
260-270 (1976).

Rabinowitz MB, Kopple JD, Wetherill GW. Effect of food
intake and fasting on gastrointestinal lead absorption in
humans. Am ] Clin Nutr 33:1784-1788 (1980).

Alexander FW, Clayton BE, Delves HT. Mineral and trace-
metal balances in children receiving normal and synthetic diets.
Quart ] Med XLIII:89-111 (1974).

Ziegler EE, Edwards BB, Jensen RL, Mahaffey KR, Fomon SJ.
Absorption and retention of lead by infants. Pediatr Res 12:
29-34 (1978).

Angle CR, Manton WI, Stanek YL. Stable isotope identifica-
tion of lead sources in preschool children-the Omaha study.
J Toxicol Clin Toxicol 33:657-662 (1995).

Warltrop D. The prevalence of pica. Am J Dis Child 112:
116-123 (1966).

Mahaffey KR, Annest JL. Association of blood lead level, hand-
to-mouth activity, and pica among young children [Abstract].
Fed Proc 44:752 (1985).

Sayers JW, Chamey E, Vostal ], Piers JB. House and hand dust
as a potential source of childhood lead exposure. Am J Dis
Child 127:167-170 (1974).

Lepow ML, Bruckman L, Rubino RA, Markowitz S, Gillette M,
Kapish ]. Role of air-borne lead in increased body burden of lead
in Hartford children. Environ Health Perspect 7: 99-102 (1972).
Roels HA, Buchet J-P, Lauwerys RR, Bruaux P, Claeys-
Thoreau F, Lafontaine A, Verduyn G. Exposure to lead by the
oral and the pulmonary routes of children living in the vicinity
of a primary lead smelter. Environ Res 22:81-94 (1980).

Environmental Health Perspectives » Vol 106, Supplement 6 = December 1998



50.

51.

52.

53.

54.

55.

56.

57.

PREDICTING BLOOD LEAD CONCENTRATIONS FROM LEAD IN ENVIRONMENTAL MEDIA

Pueschel SM, Cullen SM, Howard RB, Cullinane NW.
Pathogenetic considerations of pica in lead poisoning. Int ]
Psychiatry Med 8:13-24 (1978).

Bellinger D, Leviton A, Needleman HL, Watemaux C,
Rabinowitz M. Low-level lead exposure and infant development
in the first year. Neurobehav Toxicol Teratol 8:151-161 (1986).
Rabinowitz K Leviton A, Bellinger D. Home refinishing, lead
paint, and infant blood lead levels. Am ] Public Health 75:
403404 (1985).

Farfel NK, Chisolm JJ Jr. Comparison of traditional and alterna-
tive residential lead paint removal methods. In: International
Conference: Heavy Metals in the Environment, Vol 2;
September, New Orleans, LA (Lindberg SE, Hutchinson TC,
eds). Edinburgh:CEP Consultants, 1987;212-214.

Mahaffey KR, Annest JL, Roberts J, Murphy RS. National esti-
mates of blood lead levels: United States, 1976-1980. Association
with selected demographic and socioeconomic factors. N Engl ]
Med 307:573-579 (1982).

Pirkle JL, Brody DJ, Gunter EW, Kramer RA, Paschal DC,
Flegal KK, Matte TD. The decline in blood lead levels in the
United States: the National Health and Nutrition Examination
Surveys (NHANES). JAMA 272:284-291 (1994).

Brody DJ, Pirkle JL, Kramer RA, Flegal KM, Matte TD, Gunter
EW, Paschal DC. Blood lead levels in the US population: phase I
of the Third National Health and Nutrition Examination Survey
111, 1988 to 1991. JAMA 272:277-283 (1994).

Life Science Research Office. Executive summary from the

Environmental Health Perspectives = Vol 106, Supplement 6 = December 1998

58.

59.
60.

61.

62.

63.

64.

third report on nutrition monitoring in the United States.
J Nutr 126:1907S-1936S (1996).

Mabhaffey KR, Garthside PS, Glueck CJ. Blood lead and dietary
calcium in 2926 1- through-11-year-old black and white chil-
dren: the second National Health and Nutrition Examination
Survey, 1976-1980. Pediatrics 78:257-262 (1986).

Mahaffey KR. Nutrition and lead: strategies for public health.
Environ Health Perspect 103:191-196 (1995).

Farias P, Boda-Aburto VH, Rios C, Hertz-Picciotto I, Rojas-
Lopez K, Chavez-Ayala R. Blood lead levels in pregnant
women of high and low socioeconomic status in Mexico City.
Environ Health Perspect 104:1070-1074 (1996).

Hammad TA, Sexton M, Langerberg P. Relationship between
blood lead and dietary iron intake in preschool cﬁildren. A
cross-sectional study. Ann Epidemiol 6:30-33 (1996).
Granado MJR, Guisasola FJA, Quirs AB. Estudio de la
plumbemia en la poblani6 infantil conferropenia. Med Clin
(Balc) 102:201-204 (1994).

Lanphear BP, Matte TD, Rogers ], Clickner RP, Dietz B,
Bornschein RI, Succup P, Mahaffey KR, Dixon S, Galke W,
Rabinowitz M, Farfel M, Rohde C, Schwartz ], Ashley P,
Jacobs DE. The contribution of lead-contaminated house dust
and residential soil to children’s blood lead levels A pooled
analysis of 12 epidemiologic studies. Environ Res (in press).
LaKind JS. Comparison of three models for predicting blood
lead levels in children: episodic exposures to lead. ] Expos Anal
Environ Epidemiol 8(23):399-406 (1998).

1493



